Gas stirring was used to study the adsorption of basic dyes onto montmorillonite clay. This technique had been demonstrated previously as being more efficient than mechanical stirring. The experimental set-up employed was a fixed-bed column connected to an air-supply system with provision for controlling different airflow rates at different temperatures. The dyestuff used was Basic Red (a commercial dye). The rate of dye removal was found to increase with increasing gas flow and increasing temperature. Dye removals of 86% to 55% could be achieved for contact times of 35 min to 50 min using dye concentrations between 200 mg/l and 500 mg/l at a gas flow rate of 100 cm 3 /s. The calculated Langmuir constants demonstrated that clay is a favourable adsorbent for the basic dye. Compared to powdered activated carbon (PAC), the adsorption capacity of the clay was 41.3% while the relative cost of basic dye removal was 0.024-times that of PAC.
INTRODUCTION
A number of studies on solid-liquid mass transfer in three-phase fixed beds have been undertaken (Arters and Fan 1986; Nikov and Delmas 1987; Fan et al. 1987a ). Fixed-bed reactors are characterized by a high area per unit volume and a high mass-transfer coefficient in solid-liquid diffusion-controlled reactions such as the removal of toxic and coloured materials from industrial waste solutions (Sedahmed et al. 1987; Nassar and Magdy 1999) . Figure 1(a) shows a typical process flow diagram for a fixed-bed adsorber.
Gas stirring (sparging) has received a great deal of attention as a means of enhancing the rate of heat and solid-liquid mass transfer in view of its simplicity and low cost compared with mechanical stirring (Deckewer 1980; Shah 1979) . Studies in our laboratory on energy consumption and mass transfer during the adsorption of dyes onto clay using gas and mechanical stirring systems demonstrated that the energy consumption was substantially lower for air stirring (ca. 60-times) than for mechanical stirring under identical adsorption conditions (Nassar 1998) . The high efficiency of gas stirring in increasing the rate of mass transfer compared to a single phase was attributed to the ability of gas bubbles to induce radial momentum transfer (Fan et al. 1987b) .
The object of the present work was to test the possibility of using gas sparging (with no liquid flow) as a mean of enhancing the rate of intraparticle diffusion in a fixed bed. To this end, the removal of dyes from coloured effluents using a gas-sparged fixed bed of natural clay was chosen in view of the importance of this system as a polishing step in wastewater treatment operations.
EXPERIMENTAL
Natural clay was collected from Gabal El-Mahasham, El-Minia Governerate, Egypt. Chemical, thermal, IR and XRD analyses demonstrated that the clay was composed of montmorillonite, kaolinite and quartz. The chemical analysis data are listed in Table 1 . The clay was used without any pretreatment, being crushed, ground to a fine powder and sieved. The particle size employed in the experiments was in the range 500-700 µm.
Powdered activated carbon (PAC) from Merck was used for the relative cost studies. The dyestuff studied was Basic Red 22 (C.I. 11055, Maxilon Red BL, Ciba-Geigy). Concentrations of the dyestuff in aqueous solution were determined using a Spectra-plus MKS spectrophotometer at a wavelength l max = 538 nm.
The experimental apparatus shown schematically in Figure 1 (b) consisted of a cell and an air-supply system. The cell was a cylindrical column (40 cm height × 10 cm i.d.) fitted at its bottom end with a perforated Plexiglass distributor of 0.5 cm thickness with a 0.1-cm diameter hole next to which was fitted a ball valve to control the airflow rate. The temperature was controlled thermostatically by passing hot water through the glass jacket surrounding the column. Before each run, the column was filled with dye solution at a certain concentration, followed by the addition of clay after adjusting the airflow rate. A sample was taken at 10-min intervals for different airflow rates.
Equilibrium adsorption studies were also carried out using the bottle technique. In this case, a fixed amount of clay (0.1 g) was added to 50 ml of dye solutions of different initial concentration within the range 100-500 ppm. The glass bottles contained the mixture were tightly closed and shaken (700 rpm) until equilibrium was attained. This situation was achieved after shaking for 2 d. The temperature was maintained at a constant value of 25°C throughout.
RESULTS AND DISCUSSION

Equilibrium adsorption studies
The adsorption equilibrium isotherm for Basic Red dye on clay is shown in Figure 2 . It will be seen that the isotherm increased sharply during the initial stages when the values of C e and q e were low, indicating that there were plenty of readily accessible sites on the clay surface. Eventually, a plateau condition was attained indicating that the adsorbent was saturated at this level. The decrease in the curvature of the isotherm as monolayer conditions were achieved, i.e. when the C e values increased considerably for only a small increase in q e , was possibly due to less active sites being available at the end of the adsorption process.
In the present work, the Langmuir equation was selected for examining the experimental data since it is suitable for isotherm plots that attain a plateau corresponding to saturation monolayer coverage of the adsorbent by the dyestuff. The Langmuir relationship may be expressed as in equation (1):
(1)
The constants K L and a L are obtained by plotting the linear form of the equation, i.e.
(2)
The linear plots of C e /q e versus C e obtained for the present system suggest the applicability of the Langmuir isotherm in this case. Values of the constants K L and a L were calculated from these plots and are listed in Table 2(a). Values of the separation factor or equilibrium parameter, R, are also included in Table 2 , from which it will be seen that R was between zero and unity indicating that clay was a favourable adsorbent (Weber and Chakkravorti 1974) . The value of K L /a L also provides a measure of the maximum theoretical adsorption capacity, q max . The experimental value of q max was 325 mg/g which was very close to the theoretical value (Table 2) .
The maximum adsorption capacity value was used to assess the quantity of adsorbent required to remove 1 kg dye when it was found that 3.06 kg clay would be required to remove this amount of dye. This quantity was used as a basis for costing the adsorption process, PAC being taken as a reference with a comparative cost of unity. The data in Table 2 (a) and (b) also show that the adsorption capacity of the clay towards the removal of dye was 41.3% that of PAC and that the relative cost of removing the basic dye was 0.024-times that of PAC.
External mass transfer
Resistance to mass transfer mainly occurs in the boundary layer film around the clay particles. Hence, all experiments were conducted using different gas sparging rates to achieve complete mixing of the system. Consequently, a considerable shear force existed on the boundary layer film making the initial resistance to mass transfer at the layer film fairly low. Hence, the intrinsic adsorption rate was very rapid until external surface coverage of dye had been effected on the clay particles. The variables studied were the gas flow rate and the temperature.
Effect of airflow rate
Typical data for the effect of air stirring on the variation of C t /C 0 with time (t) are presented in Figure 3 . The results obtained indicate that the removal of colour was controlled by the magnitude of the airflow rate. Increasing this rate led to a decrease in the resistance of the boundary film surrounding the clay particles to mass transfer. The adsorption decay curve depicted in Figure 3 allows determination of the rate according to the equation: Equation (3) suggest graphical differentiation of concentration versus time as a means of determining the slope, dC/dt, at t = 0 (Furusawa and Smith 1973), with K S S being the slope at t = 0. The total outer surface area of the particle can be determined from the mass (m) and density (r) of the solid used assuming spherical particles of constant diameter, d p , i.e.:
(4) Equation (4) enables the determination of K S from K S S. The present data may be represented by the correlation of the mass-transfer coefficient as a function of the flow rate (Q) as depicted in Figure 4 . The increase in mass transfer arising from an increase in the gas flow rate may be attributed to the ability of the rising bubbles to induce axial turbulent flow as well as radial flow. Turbulence causes a decrease in the thickness of the diffusion layer at the clay surface with a consequent increase in the mass-transfer coefficient. The data depicted in Figure 4 
Effect of temperature
The relationship between C t /C 0 and time (t) at different temperatures is shown in Figure 5 .
The results indicate that increasing the temperature led to an increase in the adsorption rate. The mass-transfer coefficient could be determined as before using equations (3) and (4). The data given in Figure 4 fit the relationship:
The increase in mass transfer on increasing the temperature may be attributed to a decrease in the viscosity of the adsorbate solution leading to a decrease in the boundary film resistance around the clay particles. Comparison of equation (5) with equation (6) shows that the flow rate increased the mass-transfer coefficient by a factor of ca. 2 compared to the effect of temperature. This is because an increase in the flow rate led to forced convection (high turbulence) compared to the natural convection induced by temperature. 
Intraparticle diffusion
For dye adsorption, the adsorbent particles were considered to be spherical in shape. Fick's second law of diffusion may be expressed in terms of the spherical polar coordinates, r, q and j, as:
The mathematical solution of the differential equation for unsteady diffusion has been performed for spheres, subject to particular sets of boundary conditions. In diffusion studies, rate processes are usually expressed in terms of the square root of time (Weber and Morris 1967) and Crank (1975) used information given by McGregor and Milicevic (1966) to produce the relationship: Rearrangement of equation (8) indicates that fractional uptake of dye will vary with the function f(D 0 t / r 2 ) 0.5 and since D 0 and r are considered as constant in a system, a t 0.5 -dependence should be observed.
The model adopted in the present study assumes the following:
(a) The concentration of solute in the liquid is uniform at C 0 and is zero in the adsorbent particle at t = 0. (b) Diffusion is radial with no variation in concentration with angular position. (c) The resistance to transfer in the medium surrounding the particle is only significant in the very early stages of diffusion.
Thus, solution of equation (8) indicates that there should be a linear relationship between the quantity (C 0 -C t )/(C 0 -C e ) and (D 0 t / r 2 ) 0.5 . Boundary condition (b) allows an initial curved portion due to film mass-transfer effects. Intraparticle diffusion is generally held to predominate over 10-60% of the adsorption range with a decreasing rate of diffusion producing another curved portion leading eventually to an equilibrium plateau. The intraparticle diffusion rate parameter 'K' p is defined as the linear slope of the plot of the amount of dye adsorbed per gram of adsorbent at time t (q t ) against the square root of the time (t 0.5 ). This parameter has been correlated with a number of the system variables such as C 0 and temperature to characterise the influence of intraparticle diffusion. For mass-transfer studies, the rate process can be expressed in terms of the square root of time (Poots et al. 1976) . Figures 6 and 7 show the relationship between the amounts of dye adsorbed, q, and t 0.5 plotted on this basis. The t 0.5 values for airflow ( Figure 6 ) varied in a linear fashion between zero and 4, followed by a non-linear portion between 4 and 6.5. For temperature, the values between zero and 3 varied in a non-linear manner with values between 3 and 7 varying in a linear fashion. The curved portions of the plots have been attributed to the boundary layer diffusion External Mass Transfer, Intraparticle Diffusion and Energy Consumption During Adsorption 943 Figure 6 . Plots of q versus the square root of time (t 0.5 ) at different airflow rates. Airflow rate: u, 10 cm 3 /s; n, 30 cm 3 /s; s, 50 cm 3 /s; 5, 70 cm 3 /s; Q, 100 cm 3 /s. effect while the linear portions represent intraparticle diffusion (inside the macro-and micro-pores) with its slope being defined in terms of a rate parameter K p (McKay et al. 1980) . These portions of the two figures were then followed by a decreased rate of diffusion, leading eventually to an equilibrium plateau. Although the parameter 'K' p does not have the usual dimensions of a rate parameter, its characteristics are similar to the rate of an adsorption process over the linear portion of the plot (McKay et al. 1980) . It is worth mentioning that the same trend was noted when studies were carried out on the effect of different dye concentrations and different masses of clay (not discussed here).
The macropore (intraparticle diffusion) rate parameters, K p , were determined from the gradients of the linear portions of Figures 6 and 7 and plotted against the airflow rate and the temperature as shown in Figure 8 . The straight lines obtained indicate that the relationships may be expressed as follows:
Airflow rate:
Temperature:
The results depicted in Figure 8 show that a gradual increase in K p occurred with an increase in either the airflow rate or the temperature, indicating an increase in the driving force for the dye from the bulk solution onto and into the solid particles. Furthermore, inspection of equations (9) and (10) revealed that the exponent of the airflow rate [equation (9)] was extremely high compared to the exponent of the temperature [equation (10)], being nearly double that found in the external mass-transfer study. This leads to the conclusion that the airflow rate had a greater influence in increasing the rate of adsorption.
The mechanism of dye adsorption is more complex than intraparticle diffusion alone. A comparison of the exponents of equations (5) and (9) indicates that the rate of adsorption due to intraparticle diffusion was higher than the external mass-transfer effect. However, the linearity K T p = 0 578 0 5 . . K Q p = 0 188 1 01 .
.
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Olfat A. Fadali/Adsorption Science & Technology Vol. 21 No. 10 2003 Figure 7 . Plots of q versus the square root of time (t 0.5 ) at different temperature. Temperature: u, 25°C; n, 30°C; s, 40°C; 5, 50°C; Q, 60°C.
of the plots indicated that while intraparticle diffusion was a controlling step during most of the adsorption process, a small boundary layer resistance was experienced in the early stages of adsorption. The data shown in Figure 9 (where K p is the slope of the linear portion of the curves depicted in Figure 7) indicate that an activation energy of 5.95 kcal/mol applied during the process. This indicates that dye uptake by the clay was a diffusion-controlled process.
Energy consumption
Neglecting the effects of the grids, the wall, the surface tension and gas-phase static head, the power equation for gas stirring may be written as: with g being the gravitational acceleration and H the effective bed expansion height. Many authors (Epstein 1981; Begovich and Waston 1978) have described equation (11), with the solid hold-up being defined as:
and the liquid hold-up as:
with S being the surface area. However,
and the e g r g term on the right-hand side of equation (11) is usually negligibly small compared to the other terms involved. The total energy consumed in removing a certain percentage of dye from its aqueous solution can be related to the energy consumption (W) and the residence time (t) according to the relationship: (15) Equation (15) can be used to calculate the energy consumption for gas sparging during the adsorption of dyes on clay.
The influence of the energy consumed on the percentage of colour removed under different airstirring conditions is shown in Figure 10 . Details of the system and model parameters employed are listed in Table 3 . The energy consumed would be expected to be a function of air stirring and the percentage dye colour removal. Thus, an attempt to fit the data for energy consumed (W) can be expressed by an equation of the form: where X is the percentage of dye removal, Q is the gas flow rate and F and m are constants. Multiple regression analysis may be used to obtain the exponents in equation (17) and thus the equation can be rewritten in the form:
Computer regression analysis of the experimental data using equation (18) was carried out and the final correlation using the least-squares method to fit the data was of the form:
with the condition 50 < Q < 100 cm 3 /s. Figure 11 shows the validity of the correlation represented by equation (19) × Figure 11 . Test of the validity of the correlation expressed in equation (19).
CONCLUSIONS
The adsorption isotherm obtained demonstrated that montmorillonite clay exhibits favourable adsorption properties towards basic dyes. However, the adsorption capacity of the clay was only 42% that of powdered activated carbon (PAC) although the relative cost of dye removal by the clay was only 0.024-times that of PAC. Kinetic studies allowed the correlation of the external masstransfer coefficient with the gas flow rate and with temperature. From the relationship thus obtained, it was found that an increase in the gas flow rate enhanced the rate of adsorption to a greater extent than temperature. Calculation of the activation energy demonstrated that the adsorption of basic dye was diffusion-controlled. An equation for correlating the energy consumption with the gas flow rate necessary to remove a given percentage of dye was established and fitted to the experimental results.
NOMENCLATURE
a L parameter of the Langmuir isotherm (l/g) C e equilibrium liquid-phase concentration (mg/l) C 0 initial liquid-phase concentration (mg/l) d p particle diameter (µm) E activation energy (kcal/mol) g acceleration due to gravity (m/s 2 ) H effective height of bed expansion (m) K L parameter of the Langmuir isotherm (l/g) k p intraparticle diffusion coefficient k s external mass-transfer coefficient K, F, m constants in equations (17) and (18) M mass of clay (g) Q airflow rate (cm 3 /s) q e equilibrium dye concentration on sorbent (mg/g) q max maximum dye concentration on sorbent (mg/g) t time (s) S surface area (cm 2 ) T temperature (°C) V L volume of liquid (m 3 ) W energy consumption (W) X percentage removal of sorbate r S , r L , r g density of solid, liquid and gas, respectively (g cm s) e porosity q, j constants in equation (7) 
